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Hyperfine structure lines of highly-charged ions may open a new window in observations of hot rarefied 
astrophysical plasmas. In this paper we discuss spectral lines of isotopes and ions abundant at temperatures 
10 — 10 7 K, characteristic for warm-hot intergalactic medium, hot interstellar medium, starburst galaxies, 
their superwinds and young supernova remnants. Observations of these lines will allow to study bulk and 
turbulent motions of the observed target and will broaden the information about the gas ionization state, 
chemical and isotopic composition. 

The mos t prospective is the lin e of the major nitrogen isotope having wavelength A = 
5.65 mm (Sunvaev fc Churazovl lTflsil. Wavelength of this line is well-suited for observation of objects 
at z ~ 0.15 — 0.6 when it is redshifted to 6.5 — 9 mm spectral band widely-used in ground-based radio 
observations, and, for example, for z 1.3, when the line can be observed in 1.3 cm band and at lower 
frequencies. Modern and future radio telescopes and interferometers are able to observe the absorption by 
14 N VII in the warm-hot intergalactic medium at redshifts above z « 0.15 in spectra of brightest mm-band 
sources. Sub-millimeter emission lines of several most abundant isotopes having hyperfine splitting might 
also be detected in spectra of young supernova remnants. 

PACS: 32.10.Fn, 98.62. Ra, 98.38.-j, 98.58.-w, 32.30.Bv 
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INTRODUCTION 

In the temperature range 10 5 — 10 7 K the most 
abundant ion having hyperfine splitting of the ground 
state is the H-like ion of the major nitrogen iso- 
tope 14 N VII with line in radio range at around 
5.64 mm l|Sunvaev fc ChurazovllQsih . This wavelength 
of transition between its hyperfine structure (HFS) 
components has been est imated with high pre cision to 
be A = 5.6519(11) mm (|Shabaev et alJll995|) . Wave- 
length of this line is well suited for observation of ob- 
jects at z w 0.15—0.6 when it is redshifted to 6.5 — 9 mm 
spectral band widely-used in ground-based radio ob- 
servations, and, for example, for z 1.3, when the 
line can be observed in 1.3 cm band and at lower fre- 
quencies. Unfortunately, for our Galaxy and its vicin- 
ity with z < 0.1 it is difficult to observe this line 
due to atmospheric absorption. Possibly, this is the 
main reason why there have been no attempts to ob- 
ser ve it from the ground after this line was reported 
by ISunvaev fc Churazovl l|l98^ as a promising candi- 
date for detection of hot rarefied plasmas. Till now as- 
trophysical plasma at such temperatures has been stud- 
ied only by rocket-based instruments and space ultra- 
violet and soft X-ray missions such as ROSAT, FUSE, 
Suzaku, Chandra and XMM-Newton. 
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One of important and interesting predictions of large- 
scale structure simulations using hydrodynamical ap- 
proach is the existence of rarefied intergalactic gas 
heated to temperatures T w 10 5 — 10 7 K. This warm- 
hot in terga lactic medium (WHIM. e.g.. | Cen fc Ostrikerl 
lll999h and lCroft et all fcOOllhlDave et all ll200ll) 'l con- 
tains dominant fraction of barions in the present Uni- 
ve rse (according to the cosm ic census of barions made 
bv lFukueita fc Peebles! ^200^ ). b ut is practically unob - 
served till now. Compu tations bv lHellsten et alll|l99cf) : 
ICen fc Ostrikerl l)l999|) show that heavy element abun- 
dances in it rise sharply in regions of higher temperature 
and density reaching values close to the solar ones. 

There were many attempts to observe the WHIM at 
z > 0, but till now only far-ultraviolet absorption lines 
of lithium-like oxygen (AA = 1032, 1038 A) have been 
detected by Hubble Space Telescope f or z > 0.12 and by 
FUSE spacecraft for z < 0.15 (e.g., iDanforth fc Shulll 
1120051) ). Despite many at tempts using Chandra and 
Suzaku l|Takei et alJ 12006) orbital telescopes, O VII 
and O VIII soft X-ray lines for z > are evading 
detection till now (for exampl e, reported case of de- 
te ction in iNicastro et alJ (I2005T) was recently criticize d 
bv lRasmussen et all ll2006j) and lKaastra et all l|2006fl 'l. 
Realization of planned proposals conside ring the micro- 
calorimeter X-ray sky surveys (e.g., ISanders et alJ 
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(2003)) will certainly highly increase the probability to 
detect soft X-ray emission and absorption lines from 
the WHIM. 

It is obvious that existence of ground-based methods 
of detection of this gas will bring a lot of additional 
strength in such efforts. We are proposing radio obser- 
vations of hyperfine structure lines of highly-charged 
ions in sub-millimeter to centimeter bands as a way 
to get additional information about the velocity field, 
mass, temperature and chemical abundance distribu- 
tion of the warm-hot intergalactic medium. 

It is important to mention that spectral resolution 
of radio detectors is better than even that of micro- 
calorimeters. Therefore these lines might permit to 
look for turbulence and bulk motion s in the objects of 
interest lllnogamov fc Sunvaevl 12003). In addition, ra- 
dio methods do not only probe the absorption lines in 
spectra of brightest radio sources in millimeter spectral 
band, but also the corresponding emission of the gas. 

None of the lines we are discussing was detected so far 
neither in astrophysical objects, nor in physical labora- 
tory conditions. Simplest estimates using well-known 
relati vistic corrections and approximations I Sobelmaiil 
Il979h give precision of the HFS line wavelength on 
the order of few percents. The list of hyperfine 
structure line s of interest for stud y of h ot plasmas, 
published by ISunvaev fc Churazovl l|l984l). attracted 
attent i on of atomic physicists. IZhang fc Samnsonl 
made computations of electronic exci- 
tation of HFS levels in plasmas using relativistic 
distor ted-wave method, accoun ting for resonance ef- 
fects. IShabaev et al. 1 1119951119971) calculated more pre- 
cise transition wavelengths using a combination of con- 
figuration interaction Hartree-Fock method and the -g- 
perturbation theory. 

Observations of supernova remnants brightest in 
soft X-ray band (acco rding to ROSAT All- Sky Sur- 
vey l|Voges et alJ ll999) and recent XMM-Newton stud- 
ies) indicate the most prospective objects to search 
for HFS line emission. Knowledge of the studied ob- 
ject radial velocity from optical observations will allow 
to measure wavelengths of the lines with precision of 
at least 10 km/s (corresponding to wavelength uncer- 
tainty of 30 ppm) that is better than the theoretical 
estimate precision (200 ppm or more). Knowledge of 
exact wavelengths will also be very important for study 
and identification of absorption lines from WHIM fil- 
aments. Additionally, one must not forget that such 
theoretical computations should always be confirmed 
by experimental measurements. 

Among such brightest targets we made estimates of 
brightness of particular HFS lines arising in Cygnus 
Loop, North Polar Spur, Vela XYZ, N157B and Cas A 
supernova remnants (SNR). Our estimates show that 
in all these objects (except for too hot Cas A) the line 



of 14 N VII is the brightest. Unfortunately, it is subject 
to atmospheric obscuration. 

At Chajnantor plain height (h w 5100 m, where 
APEX telescope is operating and Atacama Cosmol- 
ogy Telescope and ALMA interferometer are being 
built) the air specific attenuation is already signifi- 
cantly less than on th e sea level (0.2 vs. 1.1 dB/km 
at 53 GHz. lLiebe et all l|l992h 'l and atmospheric trans- 
missi on of 14 N VII line may be as high as 30- 
50% l|Schwab fc HoggHl989j) . This opens a possibility 
of direct detection of nitrogen radio line from bright su- 
pernova remnants of the southern skies and the Cygnus 
Loop. High- altitude radio telescopes, naturally, are 
able to observe this line also at much lower redshifts 
than the instruments at the sea level. 

There are many well-studied star-forming galaxies at 
redshifts z = 0.2 — 0.5 which should have a lot of rela- 
tively young supernova remnants with gas in interest- 
ing range of temperatures. Such SNRs and galaxies 
as a whole would be extremely interesting objects to 
study by means of hyperfine structure lines using ex- 
isting (such as Green Bank Telescope and VLA) and 
future (such as Square Kilometer Array and ALMA) 
radio telescopes and interferometers. Hyperfine lines 
might be bright also in strong o utflows o f the hot gas 
from star-forming galaxies (e.g.. iMartinl <)l999l) L It is 
commonly believed that such galactic winds is one of 
the ways of the intergalactic medium heavy element en- 
richment. 

Hyperfine line observations in principle permit to 
separate contributions of heliosphcric charge-exchange 
emission and of the Local Hot Bubble, that is now 
constituting a hard ly solvable problem for soft X-ray 
measurements (e.g.. lSmith et all l|2005|) 1. This becomes 
possible due to HFS line emissivity dependence on the 
plasma density (see below), and the fact that the solar 
wind is much denser than the gas of the Local Bubble. 

The Galaxy is essentially transparent in millimeter 
band. Therefore the HFS lines allow studying objects 
that are strongly obscured in visible and soft X-ray 
bands. Line emission will mostly probe young super- 
nova remnants, but the total absorption column in HFS 
lines is a measure of hot (T « 10 6 K) interstellar gas 
in the Galaxy, thus being complimentary to H I 21 cm 
line probing neutral interstellar medium (ISM). 

In case of observations of young supernova remnants 
where the bulk of emission is coming from the enriched 
material, it becomes possible to measure the isotopic 
composition by comparing the HFS line intensity (sen- 
sitive to just one isotope) with X-ray lines of the same 
element (produced by all isotopes). 

The structure of the paper is the following. In the 
first part we are presenting wavelengths and other data 
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on the most abundant isotopes in the temperature 
range 10 5 — 10 7 K having hyperfine structure lines in 
sub-millimeter, millimeter and centimeter bands. We 
are discussing sub-millimcter lines in connection with 
ALMA array being able to observe in this spectral band. 
We are also computing the HFS level population as 
a function of electron density and radiation tempera- 
ture for different transitions. In the second part we are 
presenting the results of the emission line differential 
brightness temperature computations from some of the 
brightest objects in our Galaxy and its surroundings. 
In the last Section we are presenting our estimates of 
HFS absorption line optical depth arising in WHIM and 
hot ISM. 

HYPERFINE STRUCTURE TRANSITIONS 

Isotopic abundances X iso (a product of so- 
lar e lemental abundances from ICrevesse fc Sauval 
1 1998 1) and Eart h -meas ured isotopic mole fractions 
by ICoursev et a clearly show (see Table ^1 

that among isotopes having non-zero nuclear spin the 
14 N is the most abundant after hydrogen. Its hydrogen- 
like and lithium-like ions have a hyperfme splitting 
of the ground state and produce hyperfme structure 
(HFS) line in spectra of objects with temperatures ap- 
propriate for existence of such ions. We include these 
ions in our analysis, as well as several less abundant H- 
like and Li-like ions of 13 C, 17 0, 25 Mg, 27 Al, 29 Si and 
33 S (see Figure EJ. 

No n-relativistic for mula of hyperfme splitting en- 
ergy l)Sobehnar]ll979|) of one-electron ion in ns 2 S , 1 / 2 
state is (in Rydbergs) 

AE HFS = • — 

6 1 m v 



(7 + 1/2) Ry, 



where y, is the nuclear magnetic moment, I is the nu- 
clear spin, a is the fine structure splitting constant, Z 
is the nuclear charge, m e and m p are electron and pro- 
ton mass and n is the principal quantum number of the 
level. Sharp (cubic) dependence on the nuclear charge 
Z is seen. Radiation transition probability depends on 
Z even more sharply (proportional to AEjj FS , there- 
fore to Z 9 , see below), that makes HFS transitions in 
high-Z ions competitive to hydrogen 21 cm transition 
even despite their much smaller isotopic abundances. 

More precise wavele ngths of hyperfine structure tran- 
sitions are taken from lShabaev et al ex- 
cept for H-like ions 25 Mg XII a nd 29 Si XIV where for- 
mulas given in IShabaevI l|l994h were utilized directly. 
Transitio n rates are then comp uted using well-known 
formula l|Sobelman et al.l fl98P that in case of H-like 
and Li-like ions takes the form 



A(F - F - 1) = j^A(F - 1 
= 1.0789 -lCT 7 1 



21+1 



->F) = 

. 1 mm ) 



(1) 



where F is the largest of the two sublevel total atomic 
angular momenta and A mm is the transition wavelength 
expressed in mm. Note that in case of negative nuclear 
magnetic moment fi the sublevel with total angular mo- 
mentum F — 1 has energy large r than one of F . 
Absorption cross-section a is llSobolevlll9fiH> : 



>?_9u 
8tt gi 



(j)(u)A v 



(2) 



where g u and gi are hyperfine sublevel weights, 
<j){v) is a spectral line profile, normalized such that 
I— i>(y)Av = 1 and A u i is the spontaneous transition 
rate from the upper hyperfine sublevel u to the lower I. 

Near the center of a spectral line <j){v) w {^/ttAvd)^ 1 , 
where the Doppler line width Avd is arising due to ther- 
mal and turbulent motions of particles in plasma (ther- 
mal motion velocity Vth of nitrogen ions at temperature 
10 6 K is about 34 km/s). Inserting this expression into 
equation J5J, we obtain: 



A 



9u 



87r 3 / 2 v gi 



A«. 



(3) 



It is seen that the absorption cross-section is not de- 
pendent directly on the nuclear charge, as the radiative 
transition rate dependence on the wavelength is can- 
celed by the A 3 factor. 

In Table ^ we present parameters of HFS transi- 
tions, such as wavelengths, transition rates and absorp- 
tion cross-sections. A bundances of ions (taken from 
iMazzotta et al.l (^998)) of isotopes of interest as func- 
tions of temperature are shown on Figure 

HFS sublevel electron collisional excitation collision 
str ength values for 13 C VI and 14 N VII are given 
by IZhang fe Sampsonl l|l997f) . For other H-like ions 
they were obtained by scaling along isoelectronic se- 
quence (Beigman, private communication). Respective 
electron-impact fine-structure excitation c ross-sections 
for li thium-like ions were taken from iFisher et alJ 
l|l997|) . Already ISunvaev fc Churazovl l)l984|) noticed 
that this is the main channel of the ground-state HFS 
excitation in Li-like ions. 

Spectral line cmissivity was then computed as 

e = D(T R , n e )X ion (T) X lso C lu (T), 

where £>(Tr, n e ) is the correction facto r defined below, 
Xj nn (T ) is ionic abundance (taken from lMazzotta e~ 

ID 

(|1998I) L X iso is absolute isotopic abundance relative to 
hydrogen and C; U (T) is the excitation rate coefficient 
from level I to level u, obtained either from excitation 
cross-sections or from collision strengths. Resulting line 
emissivities as functions of temperature are shown on 
Figure [21 
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Lg(T, K) Lg(T, K) 



Fig. 1. Abundance X = Xi on (T) ■ Xi so of discussed ions of isotopes at WHIM, SNR and hot ISM temperatures. Collisional ionization 
equilibrium ionic fractions X; OJl (T), solar elemental abundances and Earth isotopic mole fractions are assumed. Left and right panels 
present data on H-like ions and Li-like ions respectively. Note the difference in the vertical scale. 



Table 1. Parameters of transitions between the ground state hyperfine sublevels: wavelengths A, transition rates A u i and absorption 
cross-sections a for velocity dispersion of 30 km/s. Xi so denotes isotopic fraction relative to hydrogen. Table also includes nuclear 
spin / and nuclear magnetic moment fi expressed in nuclear magnetons (nm). 



Isotope, ion 


X iso I fx, nm 


A, mm A u i, s 1 er, cm z 


i3 C VI 


3.5 -lCT 6 1/2 +0.7024118(14) 


3.8740(8) 4.639(3) • 1Q- W 6.05 • lO" 19 


i4 N V 


8.3 • 10~ b 1 +0.40376100(6) 


70.72(4) 1.018(2) • 10~ i3 5.39 • lO" 19 


14 N VII 


8.3 • 10" b 1 +0.40376100(6) 


5.6519(11) 1.9920(12) • 10" iU 5.39 • 10" 19 


iY VI 


3.2 -10-' 5/2 -1.89379(9) 


11.813(7) 3.818(7) • lO" 11 3.37 • lO" 19 


17 VIII 


3.2-10~ Y 5/2 -1.89379(9) 


1.0085(2) 6.136(4) • lO -8 3.37 • lO" 19 


2b Mg X 


3.8-10" b 5/2 -0.85545(8) 


6.680(4) 2.111(4) • 10~ iU 3.37 • 10" 19 


2b Mg XII 


3.8 -10-° 5/2 -0.85545(8) 


0.65809(13) 2.2083(13) ■ 10~ 7 3.37 • 10" 19 


Z 'A1 XI 


2.9-10~ b 5/2 +3.6415069(7) 


1.2060(7) 2.563(5) • 10~ H 4.71 • lO" 19 


29 Si XII 


1.7 -lO -6 1/2 -0.55529(3) 


3.725(2) 1.566(3) • 10~ 9 2.01 • lO" 19 


29 Si XIV 


1.7-10- b 1/2 -0.55529(3) 


0.38165(7) 1.4557(8) ■ 10~ b 2.01 • 10" ia 


33 S XIV 


1.6 -10" 7 3/2 +0.6438212(14) 


3.123(2) 1.328(3) • 10- 9 5.05 • 10" 19 



Optical depth and emissivity corrections 

Computing line emissivity as well as line optical 
depth, one has to account for change in the hyper- 
fine sublevel population due to interaction with cos- 
mic microwave background (CMB) radiation and col- 
lisional processes. Both these effects diminish spectral 
line emissivity and line optical depth (see below). 

If we characterize external radiation fields with ef- 
fective temperature Tr at the frequency of transi- 
tion (in the majority of cases it will be equal to the 
CMB temperature 1 ), the stationary upper-to-lower hy- 



In the vicinity of strong radio sources this effective temper- 
ature will be somewhat higher. For the specific sources we are 
considering, the highest effective temperature is in the Cas A su- 
pernova remnant additionally contributing at wavelength 6.5 mm 



perfine sublevel population ratio is exp ressed as (e.g., 
iD'Cruz et all Jl998f) : ILTang et alJ Jl997^ 



9v 



N ■ 



9i 1 + N + 



(4) 



where n e denote the electron number density, and the 
photon occupation number is N = exp (^j^j — 1 
Here 

n = — ili 

C u t gi Ciu 

define critical electron number density. Its values for 
HFS transitions are given in Table [3 for isotopes with 
n cr < 500 cm -3 . HFS level population ratio n u /ni 

about 1 K to the CMB i Baars et a!]ll977D . 
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H-like ions 

13- CVI - - 

14- N VII 

17-0 VII 

25-MgXII 

29-Si XIV 




Li-like ions 

25-MgX 

27-AI XI 

29-Si XII — - 
29-SXIV - 



6.2 6.4 6.6 

Lg(T, K) 




6.2 6.4 6.6 

Lg(T, K) 



Fig. 2. Emissivity e, cm 3 /s, of hyperfine structure transitions of discussed ions. Curves are valid for negligibly low electron density 
and take into account CMB radiation field at redshift 2 = 0. Left and right panels present data on H-like and Li-like ions respectively. 



as a function of electron number density is shown in 
Figure 

Then the intensity and optical depth multiplicative 
correction factor is 



D(T R , n e 



In case of n„ -C n c 



1 



D(T R ,0) 



1 ... ( 1 - |- ) ( A' + JL- 



this expression reduces to 
1 — exp(—hv / kT R ) 



(5) 



1 



SbL exp{-hv/kT R ) ' 



(6) 



Correction coefficients for zero redshift are given in Ta- 
ble H and Figure H using T m = 2.725 K. We also 
present correction coefficient as a function of redshift 
z for some of relevant transitions on Figure 
In the opposite case of n e 3> n cr 



D(T R ,n e 



1 



1 + 9u/gi ' 



(7) 



hence the absorption line optical depth depends only 
on the path length and not on the actual density value. 
This means that there is a lower limit on absorbing 
medium path length l m in, that may give rise to a given 
optical depth r. Its approximate values for t = 0.1% 
are given in Table |2] To determine it, we assume solar 
elemental abundances and maximum ionization frac- 
tions (respectively, 0.3 for Li-like and 0.5 for H-like 
ions). From this Table it can be seen immediately that 
only larger objects, such as WHIM filaments or large 
amounts of hot ISM, are observable in absorption. We 
note that intensities of 14 N V and 17 VI hyperfine lines 
are strongly diminished due to small critical densities 
of corresponding transitions. 



The same effect will make the emission line intensity 
in high-density environments to be proportional not to 
emission measure f n^dl, but to J n e n cr dl, thus rela- 
tively diminishing contribution from the denser regions. 
This allows one in principle to separate highly-charged 
ion line emission of the heliospheric and geocoronal 
charge-exchange reactions from the Galactic halo or Lo- 
cal Bubble emission, that is now virtually impossible for 
soft X-ray observatories (see also below). 

Emissivity of HFS lines of Li-like ions, from the other 
side, can be enhanced by the resonance e xcitation by 
the fine structure lines of the same ions l|Fieldl Il958t 
ISunvaev k. Churazovll9 841 situated in the far ultravio- 
let and having large resonance scattering cross-sections. 



Table 2. Radiative correction coefficients (for redshift 2 = 0) 
and critical density values (at T = 10 6 K) for relevant HFS tran- 
sitions. The last column contains minimum path length necessary 
for achieving optical depth of 0.1%. 



Isotope, ion 


D(T m ,0) 


n cr , cm 3 


^mmi kpC 


13 C VI 


0.421 


4.1 


0.3 


14 N V 


0.0252 


8.5 • 10~ 5 


900 


14 N VII 


0.340 


1.7 


0.03 


17 VI 


0.247 


0.0017 


9000 


17 VIII 


0.991 


380 


0.03 


25 Mg X 


0.413 


0.034 


50 


27 Al XI 


0.970 


10.2 


0.10 


29 Si XII 


0.701 


0.18 


25 


33 S XIV 


0.624 


1.77 


18 
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Fig. 4. Correction coefficient D(TnQ,n e ) as a function of electron density n e for zero redshift, i.e. for Trq = 2.725 K. Left and right 
panels present data on H-like ions and Li-like ions respectively. 
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Fig. 3. Upper-to-lower hyperfine sublevel population ratio n u /ni 
as a function of electron number density n e at z = 0. Behavior 
in the limiting case of low n e is determined by CMB radiation 
field (see Eq. JSJ). 
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Fig. 5. Correction coefficient D(Tr, n e ) as a function of redshift 
z for some HFS transitions. The horizontal scale is linear in 
lg(l + 2). 



EMISSION LINES FROM HOT ISM AND 
SUPERNOVA REMNANTS 

Overview of the brightest objects 

To be bright in hyperfine structure emission lines, the 
plasma should have high emission measure and appro- 
priate temperature. Besides, among objects of equal 
emission measure the least dense will be the brightest 
due to diminishing of the D{Tp,n e ) with density, as 
described in the previous section. 

Therefore the main types of objects with expected 
bright emission lines are young and middle-aged super- 
nova remnants (SNR) and the hot interstellar medium 
(ISM) including galactic halos. As the same H-like ions 



that we are considering have spectral lines in the soft 
X-ray band, the objects with bright X-ray lines should 
also be bright in HFS lines. 

According to these selection criteria, we have 
chosen several objects with param eters given in the 
Table They include Ve la XYZ llLu fc Aschenbachl 
|2000|) . Cygnus Lo op foecourche le et all Il997|) 
and Cassiopeia A ijLazendic et alJ 20061) Galactic 
superno ya remnants, b right supernova remnant 
N157B l|Chen et al.ll2006|) in Large Magellanic Cloud 
and hot interstellar gas in the Local Hot Bubble, cool 
Gala ctic halo and North Polar Spur l|Willingale et al.| 
2003). All of the bright spots considered in these 
objects are diffuse (i.e., larger than or comparable to 



ASTRONOMY LETTERS vol. 00 no. 2007 



14-N VII LINE IN SPECTRA OF ISM AND WHIM 



7 



the radio telescope angular resolution), therefore we 
use the notion of differential brightness temperature 
Ti, in our analysis. 

Young supernova remnant Cassiopeia A (Cas A) 
stands separate in this list as its brightest regions con- 
tain material strongly enriched in the supernova explo- 
sion. In the consider ed regions Rl, R3 and R4 from 
ILazendic et al.l |)200(tI) the oxygen ions are dominant 
(constituting more than 80 — 90% by mass), hence the 
abundances of oxygen, magnesium, silicon and sulphur 
isotopes of interest may be about three orders of magni- 
tude higher than in other cases, if making rather natural 
assumption of Earth isotopic mole fractions. This is the 
main reason of high-intensity signal coming from Cas A 
(see Table 0J . Detection of these isotopes will give im- 
portant information about nuclear processes leading to 
formation of isotopes of a-elements before and during 
a supernova explosion. 

We use a simple model to estimate emission and ab- 
sorption in the hot interstellar medium (HISM) of the 
Milky Way. For this we assume the same temperature 
and density as in the Local Hot Bubble (see Table 0), 
but take the path length of 3 kpc (from the total path 
through the Galaxy of 15 kpc and hot ISM filling frac- 
tion of 20%). 

Emission line intensity estimates 

From the beginning let us discuss the 14 N VII emis- 
sion line arising in distant (z > 0) sources. First 
let us estimate a possibility of its detection from halo 
of a spiral galaxy. Assuming Milky Way parameters 
(see above), galactic halo volume emission measure is 
n 2 V w 1 • 10 63 cm -3 . HFS line emissivity for tempera- 
ture T w 1.5 • 10 6 K is 3 ■ 10~ 15 cm 3 /s (see Figure 0). 
Assuming solar nitrogen abundance, the luminosity in 
the 14 N VII spectral line is about 1 ■ 10 33 erg/s. 

Another sources of the 14 N VII HFS emission are 
su pernova remnants (thi s has b een suggested already 
by ISunvaev fc Churazovl l)l984|) ) at age between one 
and ten thousand years. As a numeric example , let 
us take bright SNR Puppis A l|Hwang et al.ll2005() . Its 
studies indicate hot gas emission measure of n 2 V ~ 
2 • 10 59 cm~ 3 . Accounting for some diminishing of the 
correction factor, the luminosity in the spectral line is 
about 1 • 10 29 erg/s. 

Observing the polar cap of nearby galaxy M82 having 
high star formation rate (3.6 solar masses per year) and 
apparently being in the process of merger, Suzaku and 
XMM-Newton orbital telescopes have di scovered the 
gas in the temperature range (2— 6) TO 6 K IjTsuru et alJ 
2006) optimal for the 14 N VII line detection. It is ar- 
gued that this gas is moving from the galaxy with hy- 
perbolic velocity. 

In a starburst galaxy the star formation rate may be 
as high as 500 solar masses per year or even higher. 



This corresponds to supernova rate of about ten per 
year, therefore the total number of supernova of age 
below 10 4 years should be several tens of thousands. 
Note that a lot of gas reside in a starburst galaxy, hence 
supernovae will explode in dense medium forming a lot 
of bright high density supernova remnants. In such 
galaxy the total luminosity in line may be as high as 
10 34 - 10 35 erg/s. 

At the redshift of z = 0.15 luminosity in line of 
1-10 34 erg/s corresponds to signal of only about 3 /iJy in 
the line of about 40 km/s width, showing that the emis- 
sion signal from this class of objects is difficult to detect 
using existing instruments. Though, the next genera- 
tion instruments such as SKA should be able to observe 
it from high-redshift (z > 1.1) star-forming galaxies. 

As the zenith atmospheric transmission at 53 GHz 
at the height of Chajnantor plane reaches up to 50%, 
telescopes such as APEX and, later, ALMA will be 
able to conduct the first observations of the 14 N VII 
line from supernova remnants such as N157B which is 
especially bright in this spectral line. 

In case of observations from Chajnantor plane or in 
case of of emission lines in atmospheric transparency 
bands, it is preferable to observe first the brightest 
sources of our Galaxy. In this case the received flux will 
accordingly rise. Estimates of brightness temperature 
Tb in hypcrfme structure lines from mentioned objects 
of the Galaxy and its neighborhood are given in Tabled 
Solar elemental abundances are assumed everywhere, 
except for O, Mg, Si and S ions in C as A supernova 
remna nt, where they are known from ILazendic et alJ 
(2006). Differential brightness temperature of the same 
order of magnitude is expected as long as the observed 
object (for example, a galaxy) is larger than the angular 
resolution of the radio telescope. 

We estimate Tf, in the 25 Mg X HFS line arising in the 
Milky Way halo, Vela, N157B and Cygnus Loop super- 
nova remnants to be about 5-15 /xK. As another ex- 
ample, in younger and hotter oxygen-rich Cas A super- 
nova remnant the brightness temperature in mm-band 
27 Al XI, 29 Si XII and 33 S XIV hyperfine transition lines 
is estimated to constitute about 40-80 /iK. Accounting 
for resonance excitation due to significant optical depth 
in the Si XII and S XIV ionic fine structure transitions 
in the bright Cas A fragments, HFS lines of isotopes of 
these ions will be enhanced by factors of 1.5 and 2, re- 
spectively (in the Tabled we give values accounting for 
this increase). For other described sources there is no 
strong enhancement of HFS line intensity (for example, 
in N157B the resonance excitation contributes addition- 
ally about 20%, assuming solar elemental abundances). 

Sub- millimeter lines of 25 Mg XII and 29 Si XIV arising 
in Cas A are of the same order of brightness reaching 
about 50 /xK. Unfortunately, there is significant atmo- 
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Table 3. Objects expected to be bright in HFS lines and discussed further include several supernova remnants, such as Vela XYZ, 
N157B, Cygnus Loop (CL) and Cassiopeia A and some galactic objects such as as Local Hot Bubble (LHB), cool Galactic halo (CGH) 
and North Polar Spur (NPS). Rough estimates for hot interstellar medium (HISM) in the plane of the Milky Way is also given. Table 
includes distance to the object d, bright fragment angular size 8, its average electron density n e and temperature T e , linear extent I, 
emission measure n 2 £ and equatorial J2000 coordinates. 





LHB 


CGH 


NPS 


Vela 


N157B 


CL 


Cas A 


HISM 


d, kpc 




0.4 


0.1 


0.25 


50 


0.44 


3.4 




6 


30' 


30' 


30' 


> 5' 


V 


5' 


5" 




n e , cm -3 


0.010 


0.010 


0.031 


0.5 


3.8 


5.5 


160 


0.01 


kT e , keV 


0.10 


0.10 


0.26 


0.12 


0.23 


0.12 


0.77 


0.10 


I, pc 


60 


1000 


160 


8 


14 


1.2 


0.08 


3000 


RA, J2000 


16 h 42 m 


16 h 26 m 


16 h 26 m 


08 h 57 m 


05 h 37 m 54 s 


20 h 50 m 


23 h 23 m 35 s 




Dec, J2000 


02°19' 


03°11' 


03° 11' 


-45°00' 


-69°09' 50" 


32°11' 


58°50'05" 




rigi, cm"" pc 


0.005 


0.088 


0.13 


2.2 


200 


35 


1000 


0.3 



spheric obscuration on frequencies of these lines at zero 
redshift, that may give rise to difficulties in the ground- 
based detection. Simple estimates of ALMA sensitivity, 
taking its system temperature from sensitivity calcula- 
tor 2 to be 1600 K give 3-ct detection limit on the order of 
0.4 mK at 658 /im (wavelength of 25 Mg XII line) that 
is about one order of magnitude above the predicted 
emission line intensities. 

Estimates of emission line intensity from WHIM fil- 
aments, similar to discussed above, give differential 
brightness temperature significantly below 1 fiK due 
to their low emission measure. 

Most of the bright spots we are discussing have angu- 
lar sizes of the order of arcminute that is similar to the 
angular resolution of PSPC detector aboard ROSAT 
and of a 10-meter-class radio telescope. Computing to- 
tal luminosity of a bright spot it is sometimes comfort- 
able to use its flux S that is connected with the bright- 
ness temperature from Rayleigh- Jeans formula as 

where 9 denote the brightest spot angular size. 

Resonant scattering in the surroundings of quasar 

Detection of emission lines arising in the process 
of the resonant scattering of the quasar radio emis- 
sion in the hot and warm gas surrounding the quasar 
i Sazonov et"alll2004t iKallman fc McCravHl983) might 
be especially interesting. Discovery of a line formed 
by the resonantly scattered radiation may shed light 
upon the quasar radiation beam wid th, as for the nar- 
row b eam much less gas is irradiated l|Cramphorn et all 

EH. 

As in the quasar neighborhood the photon density 
might highly exceed one of the CMB radiation, the cor- 
rection coefficient will decrease there (see Eq. |3J . De- 
spite this, arising line brightness is of the same order of 
magnitude as of the lines described above. 

2 http: / / www.eso.org/projects / alma/science/bin / scnsitivity.ht: 



We show it on example of 3C 273 (z — 0.158) quasar, 
having flux about 30 Jy on the wavelength of 14 N VII 
ion line. The quasar radiation photon occupation num- 
ber at the line frequency exceeds the one due to the 
CMB inside central 70 kpc. Even so, despite the very 
low average value of D « 3T0 -3 , the additional flux due 
to resonant scattering in the line center will constitute 
about 0.5 mjy (assuming gas cloud parameters simi- 
lar to ones observed around elliptical galaxies) . A large 
number of young supernova remnants is expected to ex- 
ist in the central region of galaxy surrounding a quasar. 
Gas of these SNRs will resonantly scatter quasar radi- 
ation, additionally increasing the signal. 

Disentangling Local Bubble and heliospheric emission 

One of serious problems in studying the Local Bubble 
— the hot gas cavity around the Solar System — is diffi- 
culty of separation of its soft X-ray line radiation from 
foreground contribution arising in the solar wind and 
the Earth corona (respectively, heliospheric and geo- 
coronal e mission). T he latter arise in charge-exchange 
collisions llCoxlll998l) that are so effective that intensity 
of e.g. O VIII line may significa ntly exceed one of the 
Local Bubble l|Smith et alJl2005|) . 

There is an intrinsic difficulty in disentangling these 
two spectral line contributions in soft X-rays, as both 
these sources are diffuse. Though, using simultaneous 
observations of soft X-ray and HFS lines it becomes 
possible to separate them, as the HFS line emissivity is 
dependent on density (see Figure and for some ions 
the correction coefficient is significantly different in di- 
lute Local Bubble gas (n e « 0.01 cm -3 ), denser solar 
wind (nn ~ 0.1 cm -3 ) and geocorona (nn w 10 cm -3 ). 
In the last two cases we give the neutral hydrogen num- 
ber density as it is the primary source of electrons par- 
ticipating in the charge- exchange collisions. 

As a tool for such density diagnostics one may take 
25 Mg X line having critical density of about 0.03 cm -3 , 
that is less than electron density in the Solar System. 
Hence its line emissivity will be suppressed by a factor 
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Table 4. Brightness temperature Tj,. fiK, in hyperfine structure emission lines from the bright fragments of objects from the Tablel^l 
Values less than 0.01 /iK are not shown. Unless noted otherwise, solar elemental abundances are assumed. 



Isotope 


\ 

A, mm 


C VI 


o.8740(8) 


14 AT ^ TJT 

IN Vll 


c cci n/1 1 \ 
5.6519(11) 


17 VIII 


1.0085(2) 


25 Mg X 


6.680(4) 


25 Mg XII 


0.65809(13) 


27 Al XI 


1.2060(7) 


29 Si XII 


3.725(2) 


29 Si XIV 


0.38165(7) 


33 S XIV 


3.123(2) 



LHB CGH NPS Vela N157B* 



CL Cas A HISM 



0.01 0.15 



0.2 



0.3 



3.5 1.0 



0.01 0.1 0.06 4.2 
0.04 0.30 1.2 



0.15 



50 



30 



40* 



40 



3.0 



120* 



10 



40* 



150* 



1.7 


4 




13 




0.4 


70 


700 




400 


7 


20 


0.01 


0.8 


0.08 


8* 




8.0 


15 




14 


1.0* 


15 



0.8 
0.7 



elemental abundances are known from observations 



of roughly n e /n cr , this factor being dependent on the 
distances to Sun and to Earth. 

For estimates of separate source contributions we 
use simple models of neutral hydrogen distribution 
in heliosphere and geo corona and rates of ch arge- 
exchange reac t ions f rom iGreenwood et al ] fcOOll) and 
Cravens et alJ l)200l|) . It follows that the main part 
of heliosphcric emission arises at distances larger than 
1 a.u. where the solar wind densities fall down to about 
0.1 — 1 cm~ 3 . Hence 25 Mg X line emissivity in helio- 
sphere is suppressed by a factor of several (about three) 
as compared to the Local Hot Bubble. Geocoronal 
emission mostly arises in regions where electron den- 
sity is much more than 1 cm~ 3 . Therefore its 25 Mg X 
line emission is suppressed much stronger (by factor of 
about 100) and is virtually unobservable. 

The practical problem of this method, however, is 
an extremely low brightness temperature from each of 
these sources. As indicated in Table 0] expected Tf, 
from the Local Bubble is below 1 /xK; expected contri- 
bution from the Solar System is of the same order of 
magnitude. 

ABSORPTION LINES IN WHIM AND HOT ISM 

Warm-hot intergalactic medium 

The prospects of detection of highly-ionized oxy- 
gen O VII and O VIII ion absorption X-ray lines 
from the WHIM are being widely discus s ed now (e.g., 
iHellsten et all lll99Sl) : IChen et all ll2003h : ICen fc Fanel 
()2006|) ). We estimate below the feasibility of detec- 
tion of the 14 N VII ion HFS absorption line from this 
medium. Only this isotope is considered, as other HFS 
absorption lines (e.g., of 25 Mg X, 29 Si XII) will be at 
least one order of magnitude weaker due to smaller iso- 
topic abundances (see Figure EJ. 

Absorption cross-sections of O VII and O VIII X-ray 



transitions around 20 A are a ~ (2 — 5) • 10~ 16 cm 2 , 
i.e. about three orders of magnitude larger than of HFS 
transitions. Moreover, optical depth r of HFS transi- 
tion is additionally diminished due to population of up- 
per hyperfine sublevel in the field of the CMB radiation. 
Resulting rough estimate of 14 N VII HFS line optical 
depth corresponding to O VII or O VIII soft X-ray line 
t(O) ps 1 is only about t( 14 NVII) ps (3 - 10) • 10~ 5 . 

Note that weak emission lines of comparable magni- 
tude have already been detected on GBT. As an ex- 
ample, HCN molecular li ne with line width of Ai> = 
140 km/s was observed bv lVanden Bout et alJ l)2004|) in 
emission from galaxy at z = 2.28 at frequency 27.0 GHz 
with 1-er flux uncertainty of 0.1 mjy. This flux corre- 
sponds to optical depth of only 1 • 10~ 5 , if observed from 
the source with flux of 10 Jy. 

To assess frequency of occurrence of 14 N VII ab- 
sorption lines in WHIM, we use the distribution func- 
tion of O VIII X- r ay ab sorption line equivalent width 
from ICen fc Fanel l|2006|) and correspondence between 
the equival e nt wi dth and ionic column density from 
IChen et all (j2Q03) cosmological simulations. As a first 
approximation, we also assume that in WHIM condi- 
tions the ionization equilibrium curve of O VIII atoms 
is the same as of N VII atoms 3 and their relative abun- 
dance N/O is solar. Then on average in one sight line in 
the redshift intervals z = 0.15 — 0.30 and z = 0.3 — 0.6 
there is expected one 14 N VII HFS line with r ^ 2- 10~ 5 
and r > 3 • 10~ 5 , respectively. In case of reported 
N VII soft X-ray line detection bv lNicastro et all l|2005| ) 
with ionic column density of 1.5 • 10 15 cm" 2 the optical 
depth in absorption HFS line would constitute about 
r = 3-10~ 4 . 

3 In collisional ionization equilibrium conditions, N VII is 
abundant at slightly lower temperatures than O VIII. But in the 
low-density environments ionic abundances change due to photo- 
ionization and, as a result, N VII abundance w idens and become s 
rather similar to one predicted for O VIII ion IChen et all20Qj> . 
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Hot interstellar medium 

Another case of interest concerns absorption by the 
hot ISM of a spiral galaxy with strong radio source in 
it. For example, every several years exceptionally lumi- 
nous radio sources (so-called microquasars) burst in the 
Milky Way. They retain their outstanding brightness 
for the time period of several weeks and are thus good 
candidates to study absorption lines in the hot ISM. 

As a specific example of a luminous outburst, there 
has been observed a brightening of Cygnus X-3 with 
flux as high as 20 Jy at 10.5 GHz ^Gregory et alJll972|) 
and spectral index estimate of a ^ —0.5. Cygnus X-3 
lies in the galactic plane at a distance of about 9 kpc. 
Taking the Milky Way parameters as discussed above, 
the column density of hydrogen ions in hot ISM in the 
direction of Cygnus X-3 is about 6 • 10 19 cm -2 . Result- 
ing HFS line optical depths and respective absorption 
line (negative) fluxes are given in Table [SJ 

Table 5. HFS absorption line optical depth r estimate from 
Cygnus X-3. The last column contains corresponding absorbed 
flux assuming source brightness of 20 Jy at 10 GHz and spectral 
index of a = —0.5. Only lines with resulting optical depth of 
more than 3 ■ 10 -6 are shown. 



Isotope, ion 


A, mm 




T 




-S abs , mjy 


i3 C VI 


3.8740(8) 


3 


10" 


-5 


0.17 


14 N VII 


5.6519(11) 


3 


10" 


-4 


2.0 


25 Mg X 


6.680(4) 


1 


10" 


-5 


0.10 


27 Al XI 


1.1060(7) 


1 


10" 


-5 


0.04 



Gamma-ray burst afterglows 

Significant part of bright gamma-ray afterglows orig- 
inates from the star-forming regions or star-forming 
galaxies. The lifetime of afterglow in radio band is 
longer than days or even weeks. This opens a unique 
possibility to measure absorption lines in their spectra 
connected with hot ISM of the parent galaxy, hot intra- 
cluster medium of the corresponding cluster of galaxies 
(if any) and the WHIM along the whole path of radio 
waves to the source. 

The optical depth of the absorption features should 
not diminish significantly with redshift. Though, the 
flux from gamma-ray burst radio afterglows (several 
mjy) is weaker than of brightest high-z quasars by 
about three orders of magnitude that makes the de- 
tection of HFS absorption lines a task for the next gen- 
eration of interferometers such as SKA. 

Estimates of HFS line detectability 

Now let us estimate a modern telescope abilities on 
example of the Green Bank Telescope (GBT) observing 
absorption line from 3C 279 - one of the the strongest 
radio sources at 40 GHz with flux of about 15 Jy - with 



integration time 10 hours and frequency resolution of 
1 MHz. 

As an example, we assume line redshift of z = 0.3 so 
that the observed 14 N VII line is shifted from the atmo- 
spheric absorption region. The GBT telescope system 
temperature near 40 GHz is about 75 K, therefore dur- 
ing the integration time the 1-cr flux RMS is on the 
order of 0.1 mjy. Hence, neglecting systematic effects, 
the 3-cr detection limit of the optical depth will be of the 
order of 0.3mJy/15 Jy « 2 • 10~ 5 which is of the same 
order as the N VII HFS line optical depth estimates in 
WHIM or galactic halo. 

As another example, we estimate detection feasibil- 
ity of the same line in the spectrum of high-z quasar 
2134+004 (z = 1.934). Its flux density on 18 GHz (red- 
shifted frequency of 14 N VII) line is about 5 Jy that al- 
lows to detect with similar observation parameters (10 
hours integration time, velocity resolution 10 km/s) ab- 
sorption lines of r ss 6 • 10~ 5 on 3-cr level. 

From this we conclude that the 5.65 mm 14 N VII 
hyperfine structure line in redshifted WHIM fila- 
ments might be detectable in absorption using existing 
ground-based instruments. Searching for it, it is natu- 
ral to start from the extragalactic sources brightest in 
mm band and having redshift z > 0.15, such as 3C 273, 
3C 279, 3C 345, 3C 454.3 and 2145+067. 

Two more notes would be helpful here. First, from 
observations of one absorption spectral line it is diffi- 
cult to both determine redshift and identify the line. 
Hence observations of known objects or combined with 
other wavelength data would be desired. Second, HFS 
absorption line with the same optical depth is easier 
to detect at higher redshifts, as observed line wave- 
length moves to lower frequencies where the illuminat- 
ing background source flux is stronger and telescope 
sensitivity becomes higher. Opposing it is the factor 
D(Tr, Tie) that is decreasing optical depth in similar gas 
clouds with redshift z for 14 N VII line approximately 
as (z + 1)~ 4 (see Figure E). 

CONCLUSIONS 

We discuss the feasibility of the emission and absorp- 
tion hyperfine structure line observations from astro- 
physical objects in temperature range of 10 5 — 10 7 K. We 
find that thanks to 1 N high isotopic abundance in in- 
terstellar and intergalactic gas the line of 1 N VII is the 
most prospective to be observed in absorption in spec- 
tra of brightest mm-band extragalactic radio sources 
with z > 0.15. Typical optical depth predicted for 
WHIM filaments is about 10~ 4 that is within the reach 
of the existing instruments. Other HFS lines in absorp- 
tion will only be detectable with the next generation 
radio telescopes. 
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We estimate the 1 N VII brightness temperature in 
emission from several Galactic supernova remnants to 
constitute up to 700 fiK. Brightness temperature in 
other lines of 25 Mg, 27 Al, 29 Si and 33 S reaches up to 
100 fiK in oxygen-rich SNR Cas A, the level on the 
limit of sensitivity of the existing instruments and ac- 
cessible to future observatories. 

Observations of hyperfme structure lines might pro- 
vide additional information on isotopic composition of 
supernova remnants, help to discover obscured Galactic 
SNRs, allow studying star-forming galaxies and super- 
winds, discriminating between hcliosphcric and Local 
Bubble contribution to diffuse soft X-ray background. 
They might also allow to measure hyperfme splitting ex- 
perimentally with high precision, thus letting to choose 
between theoretical highly-charged heavy ion hyperfme 
splitting computation models and to precise isotopic 
nuclear magnetic moments. 
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